An uncomplicated, sensitive liquid chromatography linked to mass spectrometry (LC/MS) for evaluation of carbamazepine and carbamazepine-10,11-epoxide (its metabolite) in human plasma, human saliva, rat plasma, and rabbit plasma was developed. Analyses were conducted on a Zorbax SB-C18, 100 mm × 3 mm ID, 3.5 μm column, at a column temperature of 40 ºC. The mobile phase was comprised of 0.1% formic acid in water and methanol in a 35 : 65 (v/v) ratio, with a flow rate of 0.4 mL/min. Lacosamide was utilized as internal standard. Under these chromatographic conditions, the retention times of lacosamide, carbamazepine-10,11-epoxide, and carbamazepine were 1.4 min, 1.6 min, and 2.2 min, respectively. The quantification of the analytes was performed using multiple reaction monitoring, with the use of a triple quadrupole mass spectrometer with electrospray positive ionization. The monitored ions were m/z 194 derived from m/z 237 for carbamazepine, m/z 180 derived from m/z 253 for carbamazepine-10,11-epoxide, and m/z 108 derived from m/z 251 for lacosamide. The samples were prepared by protein precipitation from 0.2 mL of plasma/saliva using 0.6 mL of internal standard solution in methanol. Calibration curves were constructed over the ranges 1.1-17.6 μg/mL and 0.23-5.47 μg/mL for carbamazepine and carbamazepine-epoxide, respectively. The coefficients of determination obtained by using a weighted (1/x) linear regression were greater than 0.994. The reported LC-MS/MS method was applied to preclinical pharmacokinetic studies and therapeutic drug monitoring.
INTRODUCTION
Carbamazepine (CBZ) is a first-line therapy in different types of epileptic syndromes, also effective in bipolar and psychotic disorders and in neuropathic pain. 1,2 CBZ presents hepatic metabolization through the cytochrome P450 (CYP) pathway, into its pharmacological active form, carbamazepine-10,11-epoxide (CBZ-EP), which is then metabolized to an inactive trans-carbamazepine diol by epoxide hydrolase. 3 Several pharmacokinetic interactions were identified between CBZ and other antiepileptic drugs (AEDs), due to CYP3A4 enzyme induction or inhibition, which leads to a decrease or increase of CBZ concentration in blood. 4 Therapeutic drug monitoring (TDM) is strongly recommended for CBZ, and it is clearly defined when the level of CBZ rises above a specific level, which leads to toxic adverse reactions more frequently, especially in the elderly. Therapeutic levels of CBZ are 4-12 μg/mL (17-51 μmol/L), and above 20 μg/mL (84.6 μmol/L) it is considered toxic. 5 Another important issue is the role of CBZ-EP in toxic reactions: CBZ-EP is known to contribute to the pharmacodynamic action of CBZ, but levels higher than 8 μg/mL (34 μmol/L) are thought to be correlated with its own toxicity besides that of CBZ. 6, 7 Therefore, simultaneous quantification of carbamazepine and CBZ-EP is demanded for studying the pharmacokinetics of this AED and for the dose adjustment of treated patients. [8] [9] [10] [11] However, some experts questioned the relevance of CBZ-EP assay for TDM. 12, 13 Although several attempts were made to replace the standard high-performance liquid chromatography (HPLC) methods with faster and simpler alternatives, there is a general consensus that TDM needs highly specific, robust, and validated methods for obtaining reliable results, the latter being essential in case of pharmacokinetic studies. [13] [14] [15] Others proposed more convenient collection methods of biological samples in order to increase TDM feasibility. Dried blood-spot (DBS) was an innovative surrogate for classic blood sample collection, as highly specific tandem mass spectrometry detection enabled the determination of the analyte of interest from very small sample volumes. 16 Where applicable, the use of saliva samples became a very popular TDM approach, particularly in pediatrics. 17, 18 Recently, a simple and cost-efficient analytic technique was proposed for the investigation of CBZ and CBZ-EP levels in rat plasma, which was validated and successfully used in a preclinical pharmacokinetic research study. 19 However, a very similar method based on ultra performance liquid chromatography (UPLC) with UV-detection (UPLC-UV) was reported earlier for the quantification of the analytes in humans. 20 Still, there is a need to improve the turnout of the aforementioned methods. Thus, in the present work, we proposed to further simplify the sample preparation procedures and increase the throughput of the chromatographic method by also reducing analysis time. Another important objective of this study was the elimination of the matrix effect and the application of the newly developed method to measure CBZ and CBZ-EP concentration levels in rat plasma, rabbit plasma, human plasma, and human saliva. To our best knowledge, this is the first method that involves protein precipitation as sample preparation method with an analytical run-time of 4 minutes. The procedure was successfully applied to a preclinical pharmacokinetic study in rats and rabbits and to TDM in epileptic patients.
ExpERImENTAL

Reagents
Carbamazepine was granted by Vim Spectrum SRL (manufactured by Polpharma Pharmaceutical Works, Poland), carbamazepine-10,11-epoxide was purchased from SigmaAldrich. The solvents used were HPLC-grade acetonitrile, formic acid, and HPLC-grade methanol (Merck KgaA, Darmstadt, Germany). Ultrapure water was obtained with a Millipore Direct Q5 purification system (Millipore SAS, Molsheim, France). The blood center in Tîrgu Mureș, Romania provided the human plasma for blank, calibrator, and quality control samples.
Standard solutions
Stock solutions (1.1 mg/mL) of CBZ and CBZ-EP were processed by dissolving a suitable quantity of reference substance (measured with a Mettler-Toledo AB54-S analytical scale) in methanol. Lacosamide was dissolved in ultrapure water, yielding the stock solution of the internal standard (1.1 mg/mL). Six calibration working solutions ranging between 5.5-88 µg/mL for CBZ and 1.14-27.36 µg/mL for CBZ-EP were obtained by diluting specific volumes of stock solution with methanol. The internal standard working solution was prepared from the stock solution with methanol to a final concentration of 4.6 µg/mL. Plasma calibration standards (N = 6) in the concentration range of 1.1-17.6 µg/ml for CBZ and 0.23-5.47 µg/mL for CBZ-EP were prepared by spiking 0.12 mL of blank plasma with 40 µL of working solutions of CBZ and CBZ-EP, respectively.
Liquid chromatography with mass spectrometry detection
An Agilent 1100 series (Agilent Technologies, Santa Clara, CA, USA) HPLC system (equipped with in-line degasser, quaternary pump, thermostatted column compartment, Chromatographic separation was achieved at 40 °C on an in-line filter protected with Zorbax SB-C18 100 × 3 mm, 3.5 µm column (Agilent Technologies).
Mobile phase
The mobile phase was obtained by dissolving 0.1% formic acid in pure water and methanol in a 35:65 (v/v) ratio. For degassing, an ultrasonic bath (Clifton 64426) was used. The flow rate was set to 0.4 mL/min.
Sample preparation
Plasma and saliva samples underwent protein precipitation before analysis: 0.2 mL plasma/saliva was vortexed for 30 seconds with 0.6 mL working solution of lacosamide 4.6 µg/mL in methanol, then centrifuged for 10 minutes at 10,000 rpm. The supernatant was transferred into an autosampler vial and 2 µL were injected into the LC-MS system.
Method parameter verification
Different blank matrices: human saliva, human plasma, rat plasma, and rabbit plasma were used for verifying specificity.
The external standard calibration method was used for linearity, where the least squares analysis defined the calibration curve model. A 1/x weighted linear calibration was applied: y = ax + b (x -concentration ratio, y -peak area ratio). The lowest calibration standard with an accuracy and precision of less than 20% was set to be the lower limit of quantification (LLOQ).
By comparing the responses of analytes in solution and prepared spiked plasma standards with the same concentration, a relative recovery was calculated.
RESULTS AND DISCUSSION
Representative MRM chromatograms of human blank plasma and blank plasma spiked with CBZ (RT = 2.2 min) and CBZ-EP (RT = 1.6 min) at LLOQ (CBZ 1.1 µg/mL, CBZ-EP 0.23 µg/mL) demonstrated the selectivity of the method (Figure 2) . The chromatograms showed that there was no interference at the retention times of the analytes and lacosamide (IS). Under the chromatographic conditions described above, peaks were adequately separated, and the observed retention times were 2.2 min, 1.6 min, and 1.4 min for CBZ, CBZ-EP, and IS, respectively.
The selectivity of the technique was evaluated by using different batches of blank human plasma, human saliva, rat plasma, and rabbit plasma.
As protein precipitation has the advantages of speed and simplicity, our initial approach during method development was based on precipitation of plasma proteins with acetonitrile and methanol. The extracts gave nonsignificant matrix interference and good recovery for the analytes (>90% for CBZ) and IS (Table 1) . Thus, protein precipitation was adopted.
The lower limit of measurement was set at 1.1 µg/mL for CBZ and 0.23 µg/mL for CBZ-EP. Due to a good sensitivity achieved with the triple quadrupole mass spectrometer, it was possible to improve other important parameters of the bioanalytical methods, obtaining better or equal results than in the previously published LC-MS methods for the simultaneous analysis of CBZ and CBZ-EP from any biological sample ( Table 2 ).
The carryover was determined by injection of blank samples right after a standard sample corresponding to the upper limit of quantification. There was no observed interference at the retention time of the analytes.
Correlation between the peak area ratios and their corresponding concentrations was described best with the mean linear regression equations y = ax + b, where y = 0.68 x + 0.10 (N = 6) for CBZ and y = 0.24 x -8.10 -4 (N = 6) for CBZ-EP. The calibration curves were adequate in the range of 1.1-17.6 µg/mL for CBZ and 0.23-5.47 µg/ mL for CBZ-EP, with coefficient of determinations (r 2 ) greater than 0.994; the residuals did not show any trend. 
Application of the method and pharmacokinetic (PK) results
Preclinical PK study
A pilot PK study was performed in rabbits and rats, in order to monitor the interspecies differences related to the metabolism of CBZ. For this purpose, the plasma concentrations of CBZ and CBZ-EP were determined in different time-points, and the concentration-time curves were obtained. In rabbits, the t max of CBZ was 2 h and that of CBZ-EP was 8 h (Figure 3) , reflecting a slower biotransformation of the drug in rabbits compared to rats.
Therapeutic drug monitoring
The plasma concentration of CBZ was analyzed in five epileptic patients in order to monitor the therapy. Blood samples were collected at C min (trough concentration) and C max (peak concentration). All patients had their CBZ plasma levels in the therapeutic range (Figure 4a ). The plasma concentration of CBZ-EP ranged between 0.65-1.79 μg/mL, far from the toxic level of 8 μg/mL (Figure 4b ). In parallel with blood collection, saliva samples were also collected from the same patient ( Figure 5 ). Salivary CBZ and CBZ-EP levels trailed the blood concentrations, the mean ratio of saliva-to-plasma concentration was 0.25 for CBZ and 0.55 for CBZ-EP, with an inter-individual coefficient of variation (CV%) larger than 40% (Table 3) . The presented analytical method has high sensitivity and adequate reproducibility; however, the utilization of saliva as a surrogate for therapeutic drug monitoring should be carefully evaluated in relation to standardization of preanalytical variables such as accurate choice of sampling methods, direct volume quantification, and prevention of sample contamination with blood and food debris. 21 
CONCLUSIONS
The present method offers adequate sensitivity, proper accuracy, and precision for simultaneous determination of CBZ and CBZ-EP in humans and different laboratory animal species (rat and rabbit) by using plasma and/or saliva samples.
The sample preparation by protein precipitation is simpler, it requires smaller amounts of organic solvent and a small sample quantity, but provides a good recovery of the analytes without additional steps (extraction or derivatization).
The simplicity of sample preparation, relatively short run time, and the selectivity of the signals used for analysis permitted a specific and effective analysis of plasma and saliva probes, thus being a cost-effective method. The developed method was used for therapeutic drug monitoring of carbamazepine and carbamazepine-epoxide, but it is also capable to accurately measure their concentration in clinical or preclinical pharmacokinetic studies. 
